Chapter 5 


Microfluidic Chips Designed for Measuring Biomolecules 
Through a Microbead-Based Quantum Dot 
Fluorescence Assay 

Kwang-Seok Yun, Dohoon Lee, Hak-Sung Kim, and Euisik Yoon 

Summary 

This chapter introduces the demonstration of specific antibody detection by using a microbead-based 
assay with quantum dot (QD) fluorescence on a poly dime thylsiloxane (PDMS) microfluidic chip. The 
microfluidic chip is designed to isolate a single microbead where the binding reaction of antibodies 
occurs on the surface. The microfluidic chip is fabricated on a glass substrate using a transparent sili¬ 
cone elastomer, PDMS, for easy access of monitoring and flexible gate operations to capture the single 
microbead. For antibody detection, a sequence of functionalized assays has been performed in the fabri¬ 
cated chip, including the capturing of microbeads, antibody injection into a microchamber, quantum dot 
injection, and fluorescence detection. Various concentrations of human IgG antibodies have been introduced 
to bind to a single microbead captured and isolated inside a designated microchamber in a small volume of 
75 pL. Fluorescence detection is monitored using a CCD camera after the second binding with the QDs 
conjugated with anti-human IgG. In this experiment, a human IgG antibody concentration below 0.1 pg/mL has 
been successfully detected. 

Key words: Microbeads, Quantum dot, Microfluidics, Biomolecules, MEMS, Single microbead, 

Human IgG 


1. Introduction 


The demand for microfluidics is increasing rapidly in the fields of 
miniaturized chemical analysis systems, micro total analysis sys¬ 
tems (p-TAS), embedded medical devices, microdosing systems, 
and miniaturized production systems. Current micromachin¬ 
ing and microelectromechanical systems (MEMS) technologies 
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have made it possible to implement the microfluidic functions on 
microchips, which are generally referred to as microfluidic chips. 
One of the most interesting applications of microfluidic chips is 
found in the detection of biomolecules because the analysis using 
microfluidic chips generally provides low cost, high through¬ 
put, fast analysis, and high sensitivity, so that it can be eventually 
implemented in micro portable systems ( 1 , 2 ). 

Microfluidic chips are classified into two types according to 
their method of handling fluids on the chip. First, in droplet- 
based microfluidic systems, all of the fluids, including analytes, 
reagents, and buffer solution, are manipulated in a droplet form, 
being separated from each other by air or oil ( 3 , 4 ). This system 
can be imagined as a miniaturized method of the conventional 
analysis procedure normally done in a biological laboratory where 
the solutions are prepared, processed, and analyzed in glassware or 
microtubes. In the droplet-based microfluidic chip, a small drop¬ 
let (normally from several tens of nanoliters to several microliters) 
substitutes for the whole solution in a glassware container ( 3 ). 
Second, in continuous microfluidic systems, the fluids are manip¬ 
ulated in continuous streams. The different solutions are not 
isolated physically but make direct contact with each other, which 
causes unwanted mixing of solutions at the boundary. At the 
microscale, however, the mixing effects are generally negligible 
because the fluid stream occurs as laminar flow where little chaotic 
mixing is observed ( 5 , 6 ). 

Bioanalytical methods using microbeads have been reported 
by many research groups because of the ease of modifying 
microbead surfaces for specific binding and of manipulation of 
the microbeads inside the microfluidic channels. The manipula¬ 
tions of microbeads have been achieved both in droplet-based 
microfluidic systems ( 7 ) and in continuous microfluidic systems 
( 8 - 15 ). The recent advancement of microfluidic technology has 
introduced a few methods of manipulating a single microbead on 
the microfluidic chip ( 16 - 18 ). Yun et al. have reported on a pas¬ 
sive manipulation of single microbeads in the microfluidic chip 
based on continuous microfluidics. A microbead can be passively 
manipulated in a fluid stream and positioned in a predetermined 
target microwell ( 17 ). Medoro et al. used an active control 
method to manipulate cells (or microbeads) by using dielectro¬ 
phoresis ( 16 , 18 ). This active control method has an advantage 
of providing high flexibility in bead/cell manipulation. However, 
it requires a complicated layout of control signals in chip imple¬ 
mentation. This chapter describes a microfluidic chip for bioassay 
that allows the manipulation of microbeads down to single-bead 
resolution by using simple pneumatic control of a micro gate, 
without using complicated active manipulations. 
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1.1. Bioassay Using 
Quantum Dot 
Fiuorescence 


Quantum dots (QDs) are tiny nanocrystals that glow when stim¬ 
ulated by an external source such as ultraviolet (UV) light. Their 
size is determined by the number of atoms included in the QDs 
and determines their specific physical and optical properties, such 
as the color of light emitted. The possible applications of QDs 
include medical applications, lighting such as high-resolution tel¬ 
evision screens or flat panel displays, and quantum computers of 
the future. Especially, in optical detection for bioanalytical assays, 
QDs have many advantages as fluorescent reporters compared 
with conventional organic dyes. 

The QDs provide detection results that are more sensitive 
because of the brighter luminescence resulting from their high 
extinction coefficients and quantum yields. The emission spectra 
of QDs can be modulated according to particle size. Therefore, 
simultaneous excitation of QDs in different sizes can be used for 
identifying various biomolecules with different emission colors, 
owing to their broad excitation spectra. In addition, the narrow 
emission bandwidth reduces interference in the detection spec¬ 
trum. Because of their low sensitivity to photobleaching, QDs are 
optically more stable in long-term measurements. In addition, 
QDs can be well used in in vivo measurements because they can 
be easily transferred into cells after specific chemical modifica¬ 
tions of the surfaces of the QDs. The toxicity to cells is known 
to be insignificant if the cells are exposed to QDs in appropriate 
duration ( 19 - 21 ). 

With these advantages, QDs have been widely used for the 
detection of biomolecules ( 15 , 22 - 32 ). QD-based Western blot 
technology was introduced by Bakalova et al. ( 25 , 26 ). Sun et al. 
used QDs modified with anti-human IgG to detect human IgG 
antibodies on protein microarrays ( 27 ), reporting a detection 
limit of 2 pg/mL using a laser confocal scanner. Goldman et al. 
reported the detection of protein toxins (staphylococcal enterotoxin 
B, cholera toxin) by using QD-antibody conjugates ( 28 , 29 ). They 
detected the toxins coated on microtiter plates, and the low¬ 
est concentration of toxins that gave detectable signals over the 
background was approximately 15 ng/mL. In most cases, the 
detection of molecules has been performed on solid substrates 
such as well plates or glass plates after fixing the molecules on 
the surface. 

This chapter introduces a QD-based bioassay using 
microbeads in a microfluidic chip. Use of the microfluidic chip 
is expected to result in high sensitivity because the efficiency of 
the chemical reaction will be improved by the continuous supply 
of reactants on the surface of the detection region—the surface 
of microbeads in this experiment. In the following sections, the 
sensitivity of single microbead-based bioassays using QD fluores¬ 
cence on a microfluidic chip is discussed. 
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2. Materials 

2.1. Chip Fabrication 


2.2. Microbead-Based 
Assay 


3. Methods 

3.1. Fabrication of 
Microfiuidic Chips 

3.1.1. Design 


1. Substrate for mold formation. Silicon wafers (Siltron, Gumi-si, 
South Korea), 4-in. diameter, single-side polished, test grade, 
500-pm thick. 

2. Glass substrate. Glass microscope slides (1 in. x 3 in.) (Corning, Corn¬ 
ing, NY) are used as the substrate layers of the microfluidic chips. 

3. Mold struetures. SU-8 2005 and SU-8 2015 (MicroChem 
Corp., Newton, MA) for thin and thick structures, respec¬ 
tively. Store at a temperature of 4-21°C. Warm to room 
temperature before spin coating. 

4. Development. SU-8 developer (MicroChem Corp.). Store at 
room temperature. 

5. Polydimethylsiloxane (PDMS). Sylgard 184 (Dow Corning, 
Midland, MI). Store at room temperature. 

6. Surfaee modifieation. The surface of mold structures are 
self-assembled monolayer (SAM)-coated with tridecafluoro- 
(l,l,2,2-tetrahydrooctyl)-l-trichlorosilane (United Chemical 
Technologies, Inc., Bristol, PA). Toxic and irritating gas. 

1. Buffer. Phosphate-buffered saline (PBS), pH 7.4. Composition: 
137 mM NaCl, 2.7 mM ICC1,10 mM Na 2 HP0 4 ,2 mM KH 2 P0 4 . 
Sterilize by filtration (0.45 pm). Store at room temperature. 

2. Surfaee eoatinjy of mieroehannel. 0.5% bovine serum albumin 
(BSA) in PBS. Store at 4°C. 

3. Reaetive biotin. EZ-Link® sulfo-NHS-LC-biotin (Pierce Bio¬ 
technology, Inc., Rockford, IL). Store desiccated at -20°C. 

4. Column. Excess biotins are removed using D-Salt™ dextran desalt¬ 
ing column (MW cutoff = 5 kDa, Pierce Biotechnology Inc.) 

5. Modified mierobeads. ProActive® streptavidin-coated micro¬ 
spheres (Bangs Laboratories, Inc., Fishers, IN), 10 pm in 
diameter. Store at 4°C. 

6. Quantum dot. Qdot® 605 goat F(ab') 2 anti-human IgG con¬ 
jugate (H + L) (Qdot, Invitrogen, Carlsbad, CA). Emission at 
605 nm. Store at 4°C. 


Figure 1 shows the schematic view and operation of the proposed 
microfluidic chip for single microbead bioassay by exploiting QDs 
for enhanced fluorescence markers. The chip is composed of a 
microchamber in which a single microbead can be isolated by gate 
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operation. The two gates located on both sides of a microcham¬ 
ber are operated by pneumatic pressure applied in each gate con¬ 
trol channel. These gates are designed to be partially open with a 
small gap at the initial phase when there is no pressure applied to 
the gate control channel. The gap is small enough to block the 
microbead but large enough to allow liquid or reagent to flow. 
When negative pneumatic pressure (or vacuum pressure) is applied 
to the control channel, the gate is fully opened and microbeads 
can be introduced into the microchamber. Initially the inlet gate is 
closed (or partially open) to prohibit any microbeads from enter¬ 
ing into the microchamber. To capture a single microbead, the 
diluted solution containing a small number of microbeads is intro¬ 
duced through the inlet (Fig. la). Next, the inlet gate is opened by 
applying negative (or vacuum) pressure to the upper gate control 
channel (Fig. lb). After a microbead enters the microchamber, 
the gate is closed to capture the microbead. Finally, the microbeads 
remaining outside of the chamber are washed away by reversing 
the flow direction from outlet to inlet (Fig. lc). 

3.1.2. Fabrication The microfluidic chip has been implemented using two poly¬ 

dime thylsiloxane (PDMS) layers and a glass substrate that are 
bonded together. Figure 2 shows the fabrication procedure, 
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Fig. 1. Schematic view of each stage for the capturing of a single microbead, (a) 
Introduction of the beads; (b) valve open; and (c) valve closed/single bead capturing. 
(Reproduced from ref.32 with permission from I0P). 




















































58 


Yun et al. 


which is composed of fabrication of the upper PDMS structure, 
fabrication of the lower PDMS layer, and the assembly process. 

1. Fabrication of upper PDMS layer 

(a) Formation of PDMS replica molds (Fig. 2a): A photosensi¬ 
tive epoxy, SU-8 (MicroChem Corp.), is patterned on sili¬ 
con substrate to be used as a replica mold for PDMS. Next, 
the self-assembled monolayer (SAM) of tridecafluoro- 
(l,l,2,2-tetrahydrooctyl)-l-trichlorosilane (United Chem¬ 
ical Technology, Inc.) is coated on both the silicon and 
SU-8 surfaces for easy peeling of the PDMS layer. 

(b) Application of PDMS (Fig. 2b): The PDMS prepolymer 
(Sylgard 184, Dow Corning) is poured onto the mold 
structure prepared in step (1 ) {see Note 1). 

(c) Peeling off PDMS (Fig. 2c): The PDMS is cured at 80°C 
for 1 h and peeled off the substrate mold {see Note 2). 

2. Fabrication of lower PDMS layer 

(a) Formation of PDMS replica molds (Fig. 2d): SU-8 is 
coated with a thickness of 5 pm and exposed to ultraviolet 
light (UV) to define the gate structure. Without devel¬ 
oping the first-coated SU-8 layer, the second SU-8 layer 
(thickness of 30 pm) is spin coated and exposed to UV to 
define the channel regions. Then, the unexposed region 
of SU-8 is developed by forming a PDMS mold for the 
channel and gate structures. 

(b) Application of PDMS (Fig. 2e): The thin PDMS prepoly¬ 
mer is spin coated with a thickness of 60 pm on the fabri¬ 
cated SU-8 mold, followed by curing in an oven. 

3. Assembly 

(a) Bonding of upper and lower PDMS layers (Fig. 2f): The 
fabricated upper and lower PDMS layers are bonded 
together after surface modification by using oxygen plasma 
{see Note 3). 

(b) Peeling off PDMS (Fig. 2g): The bonded PDMS layer is 
peeled off the silicon substrate, and the access holes for 
sample inlet, outlet, and vacuum control are formed by 
manual punching. 

(c) Bonding of PDMS structure and glass substrate (Fig. 2h): 
The completed PDMS structure is bonded with the glass 
substrate after surface treatment by oxygen plasma. 

Figure 3 shows the fabricated microfluidic chip and its magnified view 
of a microchamber. The size of a microchamber is 50 pm x 50 pm 
and the height is 30 pm. The microchamber is located between 
two gate valves. The initial gap of the gate valve is 5 pm to block 
the microbeads (10 pm in diameter) while maintaining the flow 
of liquid. Platinum electrodes (bright areas in magnified view) are 
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Fig. 2. Fabrication process, (a) SU-8 mold patterning for top PDMS plate; (b) PDMS pouring and curing; (c) peel off from 
mold; (d) SU-8 mold patterning for bottom PDMS membrane; (e) PDMS spin coating and curing; (f) bonding of top and 
bottom PDMS plates; (g) bonded PDMS layer peeled off from substrate; and (h) bonding with glass substrate. (Repro¬ 
duced from ref.32 with permission from I0P). 


formed on the bottom surface of the microchannel and the micro - 
chamber for future applications. 


3.2. Assay Using 
Single Microbeads on 
Micro fluidic Chips 

3.2.1. Preparation 


The fabricated microfluidic chip is cleaned with ethanol, sterilized 
in a commercial autoclave, and fully dried in the oven (70°C) 
overnight (see Note 4). The surface of the microchannel is coated 
with 0.5% bovine serum albumin (BSA) in phosphate-buffered 
saline (PBS) for 2 h at room temperature to prevent nonspecific 
binding of proteins. 
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Gate control channels 


Fig. 3. Photograph of the fabricated microfluidic chip and magnified view. (Reproduced 
from ref.32 with permission from I0P). 


In this experiment, human IgG antibody is used to dem¬ 
onstrate the feasibility of QD fluorescent detection using single 
microbeads. The microbeads in this experiment are polystyrene 
microbeads (10 pm in diameter) coated with streptavidin (ProAc- 
tive® streptavidin-coated microspheres, Bangs Laboratories, Inc.). 
For specific binding of human IgG, the surface of the microbead 
is coated with biotinylated protein A. The detailed procedures are 
as follows: sulfo-NHS-LC-biotin (Pierce Biotechnology Inc.) is 
added to protein A solution (10 mg/mL in PBS, 100 pL) at 12x 
molar excess. After 30 min reaction at room temperature, excess 
biotins are removed using a desalting column (Pierce Biotech¬ 
nology Inc.). The biotin/protein molar ratio is determined to 
be ~4 by 4'-hydroxyazobenzene-2-carboxylic acid (HABA) assay 
(.$•££ Note 5). The biotinylated protein (b-protein A, ~56 pM) is 
divided into small aliquots and stored at -70°C until use. Before 
the immobilization of protein A, the microbeads are washed with 
PBS three times. The b-protein A (6 pM in PBS with 0.01% BSA 
and 0.05% Tween 20, 100 pL) is mixed with microbeads (1 mg) 
and allowed to bind to the surface of the microbeads by avidin- 
biotin interaction (overnight at 4°C) (.$•££ Note 6). After the bind¬ 
ing reaction, the modified microbeads are washed with PBS three 
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3.2.2. Detection of Protein 


times, resuspended in PBS (with 0.01% BSA and 0.05% Tween 
20), and stored at 4°C (j^Note 7). 

The procedure for capturing a single microbead is as follows 
(refer to Fig. 1): 

(a) The solution containing microbeads is deposited in the 
inlet port using a pipette (see Notes 8 and 9). 

(b) The introduced microbeads are transferred to the inlet gate 
by applying suction at the outlet port using a microsyringe 
(Fig. la) (see Notes 10 and 11). 

(c) When a microbead arrives at the inlet gate, the gate is 
opened to allow the microbead to pass through and then 
closed immediately, while keeping the outlet gate closed. 
This results in capturing and isolating a single microbead 
inside the microchamber (Fig. lb) (j^Note 12). 

(d) After trapping the single microbead, the rest of the 
microbeads loaded in the microchannel are washed out 
by the reverse flow of PBS from the outlet to the inlet, as 
explained in the previous section (Fig. lc) (see Note 13). 

Figure 4 shows the experimental protocol for antibody detec¬ 
tion using a microbead loaded in the microfluidic chip. All of the 
liquids, including PBS, antibody solution, and QD-conjugated 
secondary antibody solution, are introduced into the microflu¬ 
idic chip through a silicone tube connected to the inlet port. 
To maintain a steady flow at a very low flow rate, all of the media 
and reagents are supplied at constant pressure by applying the 
same height difference of liquid levels between the inlet and outlet 
ports (see Note 14). 

1. Experimental procedures 

(a) Introduction of protein (Fig. 4a): After a single microbead 
is isolated inside the microchamber, human IgG antibody 
is introduced through the inlet. To examine the detection 
limit of the single-bead assay, the experiment is conducted 
on five different microfluidic chips. Five different concen¬ 
trations of human IgG are injected into each chamber for 
30 min. The injected concentrations are 0 pg/mF, 0.01 
jug/mL, 0.1 pg/mF, 1 pg/mF, and 10 pg/mL, respec¬ 
tively. The injected antibody is attached to the surface of the 
microbead, which is coated with biotinylated protein A. 

(b) Introduction of QDs (Fig. 4b): First the microchamber 
is washed with PBS for 30 min. Then, a 5 nM solution of 
anti-human IgG conjugated with CdSe/ZnS QDs (X . . 

= ~605 nm, Qdot Corp.) is injected into each microcham¬ 
ber for 30 min (5 nM is the concentration of QDs). 

(c) Washing and detection (Fig. 4c): The channels and micro¬ 
chambers are completely washed with PBS solution. The 
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Fig. 4. The experimental procedure for microbead assay in a microchamber, (a) Human IgG injection after bead captur¬ 
ing; (b) anti-human IgG-conjugated QD injection after washing; and (c) washing with PBS and fluorescence detection. 
(Reproduced from ref.32 with permission from I0P). 


experimental results of this microbead-based assay are moni¬ 
tored using a fluorescence microscope (1X71, Olympus Co., 
Tokyo, Japan) with specialized filter set (XF304-2, Omega 
Optical, Inc., Brattleboro, VT) (see Note 15). The fluores¬ 
cence images from microbeads are captured using a CCD 
camera and the average brightness is extracted using a graph¬ 
ics software (Photoshop, Adobe Systems, San Jose, CA). 

3.3. Experimental Figure 5 shows the experimental results presenting both the 

Results bright-field and the fluorescent images of the microchamber with 

a single microbead. The images are captured after the injection 
of human IgG followed by consequent introduction of QDs con¬ 
jugated with anti-human IgG. The bright-field images show the 
successful isolation of a single microbead in each microchamber 
(Fig. 5a). Although purified distilled water is used for the experi¬ 
ment, unknown substances sometimes flow into the microfluidic 
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Fig. 5. Experimental results, (a) Bright field images of microchamber with a single 
microbead; and (b) fluorescence image according to each microbead in (a). (Repro¬ 
duced from ref.32 with permission from I0P). 


chip and obstruct the fluid stream, as shown in the 0.1-pg/mL 
case in this figure. 

Figure 5b shows the experimental results as fluorescent 
images for various concentrations of antibody. The fluorescent 
image of the antibody concentration of 0 pg/mL verifies that the 
nonspecific binding of anti-human IgG (conjugated with QDs) 
to the bare microbead is negligible. The fluorescence signal can 
be detected when the antibody concentration becomes higher 
than 0.1 pg/mL and the intensity increases at higher concentra¬ 
tions. The normalized average intensities are plotted in Fig. 6 as a 
function of antibody concentration. The deviation from the linear 
relationship at the concentration of 0.1 pg/mL may result from 
the reduced binding of antibody caused by the reduced flow rate 
of the reagent in the contaminated microchannel. The detection 
limit of this experiment is much lower than that of the previous 
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Concentration of Antibody (|ag/ml_) 


Fig. 6. Measured fluorescence intensity for various antibody concentrations. (Repro¬ 
duced from ref.32 with permission from I0P). 


report, which was reviewed in Subheading 1 . The detection limit 
in this experiment, 0.1 pg/mL, is approximately one order of 
magnitude lower than that reported in ref. (27), in which human 
IgG antibodies are detected down to 2 pg/mL on a glass plate. 
In the microfluidic chip-based assay, binding efficiency can be 
improved because the reagents are continuously transferred to the 
surface of the microbeads, although this requires further experi¬ 
ments and analyses to be confirmed quantitatively. In addition, the 
commercial QD-conjugated anti-human IgG used in this experi¬ 
ment may have contributed to the increased sensitivity relative to 
that obtained using the QD reagents synthesized in ref. (27). 


4. Notes 


1. In this step, after application of the PDMS solution onto the 
mold structure, the inherent bubbles are removed in a vacuum 
chamber. 

2. The PDMS curing time can be reduced at higher temperature, 
but low curing temperature (<80°C) is recommended to pre¬ 
vent the thermal deformation of the mold structure made of 
SU-8. 

3. To obtain the best bonding property, bonding should be com¬ 
pleted in 5 min after surface modification. 

4. The autoclave step is performed for 15 min at 120°C and 15 
psi and the temperature of the drying oven is 70°C. These 
high-temperature sterilization and drying procedures do not 
disrupt the bonding between the PDMS layers and glass. 
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5. The assay was performed by following instructions provided 
by Pierce Biotechnology Inc. Generally, the addition of 12x 
molar excess sulfo-NHS-LC-biotin results in ~4 mol of con¬ 
jugated biotin per mole of protein. Underderivatization or 
overderivatization can cause poor binding of biotinylated 
protein A to the microbead surface or a decrease in capture 
performance of the protein A. 

6. Vigorous mechanical mixing with a stir bar should be avoided 
in this step, because it can damage the proteins. Mild mixing 
using a rocking plate is recommended. 

7. The modified microbeads can be stored under these condi¬ 
tions for 2-3 weeks without degrading performance. 

8. Before introducing microbeads into the microfluidic chip, 
the channel should be first filled with phosphate-buffered 
saline (PBS) to prevent the trapping of air in the micro- 
channel. 

9. To prevent a large number of microbeads from entering and 
clogging the microfluidic channel, diluted solution (~10 4 / m L) 
is used in the experiment. 

10. This step, as well as the following steps, should be done 
under microscope observation. 

11. To transfer the microbeads to an inlet gate, the suction oper¬ 
ation at the outlet port should be used instead of pushing the 
fluid to the inlet port. The pushing operation can generate 
pressure buildup inside the microchannel and opens the 
gates. This may result in failure of capturing microbeads. 

12. The gate manipulation is manually performed with a syringe 
connected to the gate control channel through a silicone tube. 

13. Again, in this step, suction at the inlet port is used. 

14. The reservoir containing the injection liquid is placed 
approximately 40 cm higher than the outlet, which creates a 
constant pressure of about 4 kPa, making a continuous flow 
rate of 2 pL/min in the microfluidic chip. 

15. The wavelength of excitation light was 470 nm and the emis¬ 
sion wavelength from QDs was approximately 605 nm. 
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